ABSTRACT: Since the 16-kDa bronchiolar Clara cell protein (CC16) and the alveolar surfactant-associated proteins (SP)-A and -B leak into the circulation when parenchymal health is disturbed, the aim of this study was to determine whether their serum levels could serve as early peripheral markers of tobacco smoke-induced epithelial injury.
Tobacco smoke exerts a variety of biological effects on the respiratory tract including adrenergic and cholinergic stimulation, ciliostasis, mucus hypersecretion, oxidative stress, inflammation and deoxyribonucleic acid damage that may be associated with increases in the incidence and severity of several diseases including cancer and chronic obstructive lung disease (COPD). Indeed, tobacco smoking is the major cause of emphysema. However, currently there are no biological markers sufficiently sensitive to assess parenchymal lung health before functional abnormalities become apparent.
The lung epithelium secretes several specific proteins into the airspaces of the respiratory tract. These include the 16-kDa bronchiolar Clara cell secretory protein (CC16), the main secretory product of bronchiolar Clara cells, as well as surfactant-associated proteins (SP)-A and -B, secreted primarily by alveolar type II cells [1] . These proteins occur physiologically in small amounts in blood [2] [3] [4] and because they are secreted into the respiratory tract, their occurrence in serum can only be explained by leakage into the vascular compartment. Although the exact mechanisms by which these proteins enter the blood remains poorly understood, their concentrations in serum, referred to as pneumoproteinaemia [1] , can be used to assess the leakage of the lung epithelial barrier and/or the integrity of the epithelial cells secreting them. Indeed, their intravascular leakage increases in conditions characterised by pulmonary inflammation and/or pulmonary epithelial injury [2, [4] [5] [6] [7] [8] .
Tobacco smoking increases lung leakage, both acutely through smoke-induced release of vasoactive neuropeptides (tachykinins) from sensory nerves in the airways [9] and chronically through early destruction of connective tissue in the lung parenchyma. Consequently, monitoring pneumoproteinaemia may offer new possibilities in the assessment of lung injury caused by tobacco smoke. Others have reported previously that serum SP-A is elevated in smokers, although no relationship was observed with the amount of smoking [10, 11] . However, the current authors have shown that SP-A is a relatively insensitive marker of parenchymal lung injury, presumably because of its size (native relative molecular mass (M r ) y650 kDa) [2] . Although CC16 is much smaller, its circulating levels reflect both the integrity of lung epithelium and that of the Clara cells which secrete it. Indeed, it has been shown, by the current authors, that it is decreased both in bronchoalveolar lavage fluid [3] and in serum [12, 13] from tobacco smokers.
Like CC16, SP-B is also a relatively small protein. In contrast, its circulating level primarily reflects the integrity of the alveolocapillary barrier, at least in patients with acute lung injury [2, 14] . Serum SP-B levels have never been evaluated in tobacco smokers. In this study, the utility of serum CC16, SP-A and SP-B as noninvasive markers of lung epithelial damage in tobacco smokers have been compared for the first time.
Material and methods

Study population
This study was approved by the Ethics Review Committee for Clinical Investigation of the Flinders Medical Centre (Adelaide, Australia) and by the local Ethical Committee of the Faculty of Medicine of the Catholic University of Louvain (Brussels, Belgium).
Blood was sampled from the antecubital vein from nonsmokers: 55 males (52 yrs , median (range)) and 14 females (26 yrs (18-50)); and current smokers: 39 males (51 yrs (22-60)) and 15 females (32 yrs (21-42)) (table 1). Smokers had abstained from smoking for at least 2 h prior to sampling. All subjects completed a questionnaire concerning their occupational exposure, smoking habits and respiratory symptoms. Urine cotinine measurement was used to help validate smoking status. Although no subject had evidence or a history of cardiovascular or pulmonary disease, all of the older subjects (age o50 yrs, 44 nonsmokers and 23 smokers) performed lung function tests. Samples were stored at -80uC for batch analysis and were analysed in a blind randomised fashion.
Analytical methods
Clara cell secretory protein 16. CC16 was measured by latex immunoassay using rabbit anti-protein 1 Other parameters. Serum creatinine was measured by Jaffe9s method and used as an index of glomerular filtration rate. Cotinine was measured in urine by gas chromatography. Pulmonary function tests were evaluated (Vitalograph Compact II; Group Design and Manufacturing, Ennis, Co. Clare, Ireland) using the recommendations of the European Respiratory Society [16] .
Statistical analysis
The Kolmogorov-Smirnov test with Lilliefors significance correction was used to test for normality. The distribution of CC16, SP-A, and SP-B in the smokers was clearly nonlinear (p=0.000, p=0.000 and p=0.008, respectively). Therefore, nonparametric statistics were used. Unless otherwise stated, results are expressed as median (range). The Mann Whitney U-test or the Wilcoxon matched-pairs signed-ranks test was used for all comparisons. The association between measured variables was tested using the Spearman rank order correlation test. Statistical significance was assigned at pv0.05.
Stepwise multiple linear regression analysis of the serum variables. The levels of plasma CC16, SP-A, and SP-B must be determined not just by their rate of entry into, but also their clearance from, the circulation. CC16 is freely eliminated by glomerular filtration, and the current authors have previously suggested that this may also be a major route of systemic SP-A and -B clearance [14] . Finally, there is an age and sex bias in the levels of many circulating antigens [17, 18] . Therefore, the present authors hypothesised that independent variables influencing serum CC16, SP-A, and SP-B were tobacco smoke exposure, serum creatinine, age and sex.
Results
Smokers versus nonsmokers
Whereas the concentration of serum SP-A was unchanged in the smokers, SP-B was increased (p=0.0001) and CC16 decreased (p=0.0014) ( fig. 1 ). These differences were accentuated by expressing the data as the SP-A/CC16 (p=0.0019) and SP-B/CC16 (p=0.0000).
Determinants
Nonsmokers. CC16 was positively influenced by age, whereas SP-A and -B were negatively influenced by creatinine (table 2) .
Smokers. When cumulative smoking (pack-yrs) and current smoking (cigarettes per day) status was included in the analyses of the levels of the pneumoproteins in the smokers, none of the variables emerged as significant determinants for serum CC16 or SP-A. In contrast, serum SP-B was positively influenced by cumulative smoking ( fig. 2a ) and current smoking ( fig. 2b) . Cumulative smoking and current smoking were analysed as separate independent variables in the stepwise multiple linear regression analysis since they were strongly cross-correlated (r=0.39, p=0.006) (table 2).
Combined. When the data from the smokers and nonsmokers was combined, CC16 was negatively influenced by cumulative smoking and continued to be positively influenced by age. SP-A and -B were negatively influenced by creatinine and positively influenced by cumulative smoking (table 2) . When the analyses were repeated using current smoking as an independent variable instead of cumulative smoking, similar influences immerged (CC16: r 
Proteinaemia co-relationships
Serum SP-B was related to SP-A in both the smokers (r s =0.44, p=0.014) and nonsmokers (r s =0.29, p=0.017). Serum CC16 was only related to SP-A in the smokers (r s =0.43, p=0.003) and not related to SP-B.
Age. Serum CC16, SP-A and SP-B were related to age in the smokers (CC16: r s =0. 44 Renal function. Both serum SP-A and SP-B were inversely related to creatinine in the smokers (SP-A: r s =-0.39, p=0.012; SP-B: r s =-0.54, p=0.000) and nonsmokers (SP-A: r s =-0.38, p=0.002; SP-B: r s =-0.41, p=0.001). Conversely, serum CC16 was inversely related to creatinine only in the nonsmokers (r s =-0.27, p=0.036).
When the females were age matched with a subgroup of males, serum creatinine was greater in the latter in both smokers (1.48 (1.28-1.76) versus 1.24 (0.95-1.50) mg?dL -1 , p=0.002) and nonsmokers (1.48 (1.32-1.76) versus 1.25 (0.99-1.61) mg?dL -1 , p=0.02). Creatinine inversely reflected age in both the smokers (r s =-0.59, p=0.002) and nonsmokers (r s =-0.54, p=0.000).
Sex
When the females were age matched with a subgroup of males, serum CC16, SP-A and SP-B were similar in male and female nonsmokers. SP-A was also similar in male and female smokers, although serum SP-B was higher in female smokers (3,344 (2,409-6,306) versus 2,446 (1,589-4,101) mg?L -1 , p=0.013) and CC16 was lower (5.4 (2.4-7.6) versus 7.5 (4.4-11.9) mg?L -1 , p=0.027) even though cumulative smoking exposure was similar (male: 14.1 (2.5-47.5); female: 14.7 (4.0-54) pack-yrs).
Lung function
Although the lung function of the smokers was less than that in the nonsmokers, with a slight decrement in the forced expired volume after one second (FEV1) and the forced expired flow measured with a peak flow meter at 50 and 75% of expired volume (table 1), none of the smokers had obstructive disease as defined by the European Respiratory Society [16] and the American Thoracic Societies [19] . All subjects had a FEV1/vital capacity (VC) ratio w95th percentile, defined as the lower limit of normal. Nevertheless, FEV1/VC was inversely related to cumulative smoking (r s =-0.39, p=0.002) ( fig. 4a ). Serum SP-B was inversely correlated with various respiratory parameters in both the smokers and nonsmokers (table 2). In particular, SP-B was inversely related to FEV1/VC ( fig. 4b,  table 3 ). Weaker relationships were observed with SP-A (not shown). CC16 did not relate to any respiratory parameter.
Discussion
It was found that whereas serum SP-B was strongly correlated with tobacco smoke exposure, CC16 was decreased in smokers. The authors suggest that the increased SP-B reflects increased alveolocapillary leakage, whereas the decreased CC16 reflects the toxic effects of tobacco smoke on Clara cells.
Pulmonary function in smokers: airway and parenchymal disease
Tobacco smoke contains 2,000-4,000 agents including carbon monoxide, nicotine, carcinogens (aromatics hydrocarbons), oxidants and irritants (acrolene, aldehydes), which can exert toxic effects at different levels of the respiratory tract (bronchial and alveolar). In addition, tobacco smoke contains microparticles that can deposit within bronchioles and alveoli. Active smoking, and probably also passive smoking, provokes physiological and pathological changes that alter lung integrity and function. Indeed, it was found that FEV1 was reduced in the older smokers compared to the age matched nonsmokers, possibly reflecting early obstructive disease.
Whilst tobacco smoking is recognised to contribute to COPD, tobacco smoking also increases lung epithelial permeability. Acute, reversible changes in permeability probably arise through smoke-mediated release of vasoactive neuropeptides (tachykinins) [9] from sensory nerves in the airways whereas chronic increases may reflect early destruction of connective tissue in the alveoli [20] [21] [22] . Tars and other noxious substances in cigarette smoke increase the numbers of lung neutrophils in both symptomatic and asymptomatic smokers [23] . The term "frustrated phagocyte" has been coined to refer to the inability of phagocytic cells to either ingest or inactivate foreign material, e.g. cigarette smoke tars. In such cases this leads to a worsening cycle of neutrophil recruitment and activation, as the foreign material continues to accumulate, and may ultimately result in chronic tissue damage.
Study design and validation of methods
The assays in this study have been validated using independently sourced monoclonal and polyclonal antibodies [2, 15, 24] . The levels of circulating CC16, SP-A and SP-B in the normal subjects in this study were similar to those previously reported by the current authors [2, 3, 24] . Although no one else has studied the leakage of SP-B, the serum levels of CC16 and SP-A in this study are higher than those described by NOMORI and colleagues [7, 11] . However, it is likely that serum lipids interfere with their CC16 determinations [25, 26] . Moreover, native SP-A resides as an oligomer with a highly organised quaternary structure usually comprising 18 monomers (M r y650 kDa) and distinct binding domains for phospholipids, calcium, carbohydrates, glycolipids and lipopolysaccharides. Native SP-B also strongly associates with lipids. The assay procedure in this study incorporates EDTA to disrupt the Ca 2z -lipid bridges, and SDS and Triton-X 100 to dissociate the proteins and to free them from any associated components. Clearly, only with such pretreatment can antigenic sites be exposed and a true estimation of concentration be achieved. Indeed, when the analyses were repeated without the use of these reagents, the serum SP-A and -B determinations were greatly reduced, and the SP-A levels were similar to those described by NOMORI and colleagues [7, 11] .
Finally, SP-B undergoes extensive post-translational modification. Although the exact nature of the SP-B antigens in blood remains to be clarified [2] , the current authors have recently analysed plasma from an infant, independently confirmed by two laboratories to have an autosomal recessive frame shift mutation at 121 base pairs in the SP-B gene, which resulted in a premature stop codon such that no SP-B messenger ribonucleic acid or protein was produced. Analysis of this definitive negative control has confirmed that the assay used in this study does indeed measure immunoreactive SP-B (unpublished data). Therefore, the present authors do not believe that their serum determinations were influenced by nonspecific reactivities. It is difficult to conceive that the strong correlation observed with the serum determinations here was fortuitous, given that the proteins share few structural similarities.
In smokers that have abstained for 12 h, MORRISON et al. [23] have shown that the 50% lung clearance of technetium-99m labelled diethylenetriamine pentaacetate ( 99m Tc-DTPA) is y17 min, whereas it is y15 min in smokers that have abstained for only 1 h. In order to minimise the small acute effect of smoking on alveolocapillary leakage, the smokers in this study abstained for at least 2 h prior to blood sampling.
In this study, serum creatinine was used as an index of renal function, although it is appreciated that serum creatinine is influenced by other factors. Indeed, serum creatinine was slightly lower in the females than males and inversely related to age. The current authors believe that these small differences most likely reflect variations in muscle mass rather than renal function. Finally, although nonparametric analysis was used, the findings remain robust when analysed using parametric statistics.
Determinants of circulating levels of lung proteins in smokers
It was found that serum SP-B was increased in the smokers in a manner influenced by both pack-yrs and the number of cigarettes per day, whereas serum CC16 was decreased in smokers (consistent with previous findings) [12, 13] . Although SP-A was not increased, its levels were influenced by tobacco exposure. These findings are in contrast to those of NOMORI and colleagues [7, 11] who found that serum CC16 was not significantly different in smokers and that serum SP-A did not correlate with the amount of cigarette smoking. It is likely that the discrepancies reflect differences in assay specificity [25, 26] and sensitivity.
Intuitively, circulating levels of the lung proteins will be influenced by their rates of entry into the circulation and by their rates of plasma clearance.
Systemic clearance. In the circulation, 30-80% of low molecular weight plasma proteins are cleared by glomerular filtration [27] , while the remainder leak Age yrs into other tissue pools, ultimately to be metabolised or catabolised to amino acids and recycled. However, systemic clearance is not a major determinant of circulating levels of lung proteins in patients with acute lung injury [14] and is unlikely to be altered in the smokers in this study. Indeed, if the kidney were a major determinant of circulating levels of the lung proteins, an inverse association would be expected with renal function. Here, the opposite was found; high levels of serum creatinine were associated with low levels of serum CC16, SP-A and SP-B, a finding that most likely reflects the secondary effect of age on muscle mass and lung structure. Therefore, the circulating levels of CC16, SP-A and SP-B must reflect "leakage" into the circulation. This, in turn, could reflect the extent of transcytosis, basal secretion, the concentration gradient or the permeability of the alveolocapillary membrane.
Lung leakage. The route by which the lung proteins enter the circulation is polemic. Indeed, there is no agreement about either the "normal" permeability of the alveolocapillary barrier or the location and nature of the "leakage" sites. However, it is generally accepted that the epithelium, rather than the endothelium, provides the major barrier to the movement of water and solutes. With the possible exception of albumin and a few other proteins, there is no evidence of receptor-mediated active transcytosis across alveolar type I and type II cells [28] . Restricted diffusion of intact protein across the alveolar epithelium accounts forw90% of alveolar protein clearance [28] . Basolateral secretion of CC16, SP-A or SP-B has never been described and nonetheless, lung lymph accounts for only y25% of total lung protein clearance from the interstitium [29] . Consistent with this, the current authors have previously estimated that, at least in respect to SP-A and -B, pleural concentrations and rates of lymph flow are insufficient to account for the relative concentration changes that occur in these proteins in the circulation [30] . Tobacco smoking decreases lung levels of CC16 [3, 31, 32] and may explain, at least in part, the reduced levels of this protein in the circulation of the smokers in this study. However, tobacco smoking either has no effect, or reduces, the lung levels of SP-A and -B [8, [32] [33] [34] [35] [36] . Consequently, the current authors believe that increased alveolocapillary permeability, and not increased transcytosis, basolateral secretion or alveolar pool size, is the major determinant of the increased circulating levels of SP-B in smokers.
Pneumoproteinaemia in smokers
Serum SP-B, and to a lesser extent SP-A, was inversely correlated with FEV1/VC and other parameters of airflow, suggestive of an association between obstructive disease and parenchymal lung health. Although it could be argued that these relationships are secondary to their association with age, this is unlikely given the narrow range of different ages in the subjects that underwent lung function tests (f10 yrs) and the fact that lung function was not related to serum SP-B in the nonsmokers.
Since serum SP-A and -B were correlated, it is presumed that both proteins enter the circulation via the same route and that SP-B is a more sensitive indicator of alveolocapillary leakage by virtue of its smaller size; native M r y18 compared with y650 kDa [2] . Since Clara cells have a high content of xenobiotic metabolising enzymes, they are probably progressively destroyed by toxic metabolites of tobacco smoke generated via the cytochrome P450 system and might be involved in the progressive destruction of lung parenchyma in smokers. Although the bronchoalveolar lavage fluid (BALF) level of CC16 from tobacco smokers is typically reduced by half [3, 31, 32] , serum CC16 in the patients here was only reduced by v20%. This differential presumably reflects the increased alveolocapillary leakage responsible for the elevated circulating surfactant proteins.
Consistent with the findings in this study, tobacco smokers not only have increased pulmonary clearance of 99m Tc-DTPA [23, 37] , but also increased albumin leakage [36, 38] . Although the mechanism for the chronic increase in leakage is unknown, recent findings suggest that the changes are associated with repeated inflammatory-mediated acute lung injury, increased oxidant load [23] and depletion of antioxidants including glutathione [37] . Cytochrome P450 may also biotransform the tobacco specific carcinogens to 4-(methylnitrosamine)-1-(-3-pyridine)-1-butadone (NNK). If so, both alveolar type II cells and macrophages may be target cells for NNK toxicity [39] .
The effect of age. The current authors have previously reported that CC16 increases with age in nonsmokers [13] and they now report that the same is also true of SP-A and -B. Indeed, the levels of SP-A and -B in the nonsmokers in this study were y50% higher than previously reported in subjects y25 yrs younger [2] . Again in this study, the findings with regards to SP-A are contrary to those of NOMORI et al. [11] and as discussed above the differences are probably due to assay sensitivity.
Age-related structural and functional changes in the lung have been previously described. Gas trapping increases with age [40] , as do airspace abnormalities [41] and diameter [42] , whereas lung compliance and shear modulus decrease [43] in association with increased lung elastin content [44] . Moreover, whereas the internal surface area of the lung increases to a maximum ofy80 m 2 at the age ofy20 yrs, it decreases y2.7 m 2 per decade thereafter [45] . Finally, increased albumin levels have been reported in BALF from old subjects [46] . No information is available on the effect of age on the alveolar levels of SP-A or SP-B. However, since CC16 expression is not related to age [47] , the present authors suggest that the agerelated pneumoproteinaemia in nonsmokers reflects increased alveolocapillary leakage and the effects of nonspecific deterioration of the lung.
Sex. Although HANLEY et al. [48] have reported that oestrogen accelerates and testosterone delays cutaneous barrier formation, the female smokers in this study had higher levels of serum SP-B and lower levels of CC16 than the males, suggesting worse injury despite similar cumulative smoking exposure. LANGHAMMER et al. [49] have recently reported that female smokers are 50% more likely to sustain respiratory problems such as wheezing, breathlessness and asthma than male smokers. Since the volume and surface area of a female9s lung are generally y25-30% smaller than a male9s [50, 51] , even when matched for body size and height, the smoke burden is proportionally greater for a given smoking habit. Therefore, this could explain the greater injury apparent in the female cohort.
The utility of serum Clara cell secretory protein 16, surfactant-associated protein-A and -B If one assumes that serum SP-B, and to a lesser extent SP-A, reliably reflects the leakage of the lung epithelial barrier to proteins, then SP-A/CC16 and SP-B/CC16 should allow the extent of Clara cell damage to be better evaluated, by normalising for changes in CC16 leakage. Even without this assumption, the ratios appear to be useful indices, integrating components of both cellular toxicity and epithelial barrier function. Potentially, the concept of pneumoproteinaemia has the equivalent utility to that of monitoring proteinuria in kidney diseases, since the passage of proteins across the lung barrier is governed by similar structural and functional features as that of glomerular filtration. Consequently, the use of different biomarkers, produced by distinct regions of the respiratory tract, may allow evaluation of present and past exposures to toxins, detection of early defects, identification of susceptible individuals, derivation of acceptable exposure levels and help establish causal associations between effects and putative toxic agents.
Study limitations
The levels of the pneumoproteins varied appreciable in the nonsmokers. At least some of this diversity is due to the influence of age. Larger studies are needed to determine normal variance before the utility of pneumoproteinaemia can be fully exploited. Finally, although urine cotinine correlated with the selfreported smoking status of the subjects (not shown), better controlled studies are required to standardise the various variables associated with the smokers9 brand habits. However, the strength of the data despite these limitations further underpins the potential utility of pneumoproteins as markers of parenchymal lung health.
In conclusion, although the alveolocapillary barrier is normally extraordinarily effective at partitioning the plasma from the alveolar epithelial lining fluid, the present study provides strong evidence that tobacco smoking causes a chronic increase in the permeability of the lung parenchyma. In serum, the simultaneous determination of various lung-specific secretory proteins represents a new and original approach for the noninvasive assessment of the integrity of the lung epithelium. As expected, Clara cell secretory protein 16, surfactant-associated protein-A and -B, which are all highly specific to the lung, are good candidate markers. Of the markers studied so far, surfactantassociated protein-B appears the most promising. Potentially, their determination allows cellular toxicity (Clara cell secretory protein 16) to be distinguished from increased epithelial leakage (surfactantassociated protein-Bwsurfactant-associated protein-A) in tobacco smokers.
